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SULPDU\HQHUJ\VRXUFHVOLNHIRVVLOIXHOVDUHDOUHDG\XVLQJDWWKHLUFULWLFDOUDWHVZKLFKDOVRFDXVHVIRUHQYLURQPHQWDO
LVVXHV 7KLV VFHQDULR GHPDQGV WKH VFLHQWLILF FRPPXQLW\ DQG ZRUOGZLGH UHVHDUFKHUV WR FKRRVH RWKHU DOWHUQDWLYH
HQHUJ\ FRQYHUVLRQ WHFKQLTXHV WR FRQWULEXWH IXWXUH HQHUJ\ QHHGV $PRQJ PDQ\ DOWHUQDWLYHV VRODU HQHUJ\ LV
IXQGDPHQWDOO\ DQ LQH[KDXVWLEOH VRXUFH DQG SRWHQWLDOO\ FDSDEOH RI PHHWLQJ WKH VLJQLILFDQW SRUWLRQ RI WKH ZRUOG¶V
IXWXUHHQHUJ\GHVLUHV0RUHLQWHQVLYHDWWHQWLRQZDVIRFXVRQVRODUHQHUJ\IURPWKHHDUO\RI¶V6RODUHQHUJ\LV
DQ H[SHFWHG FKRLFH WR UHVROYH SUREOHPV DVVRFLDWHG ZLWK HQHUJ\ DQG HQYLURQPHQW ,W LV WKH PRVW SURPLVLQJ
XQFRQYHQWLRQDO HQHUJ\ VRXUFHV SDUWLFXODUO\ IRU FRQWULEXWLQJ LQ ORZ WHPSHUDWXUH DSSOLFDWLRQV 7KH VRODU HQHUJ\
FROOHFWLRQ KDV EHHQ WKH SULPDU\ LQWHUHVWV RIPDQ\ HQJLQHHUV DQG UHVHDUFKHUV GXH WR LWVZLGH DSSOLFDWLRQV VXFK DV
GRPHVWLFZDWHUKHDWLQJDQGLQRWKHUFRPPHUFLDODSSOLDQFHV
 6RODU HQHUJ\ FROOHFWRUV DUH PDMRU FRPSRQHQWV RI VRODU V\VWHPV WKHVH DUH WKH VSHFLDO NLQG RI KHDW
H[FKDQJHUVWKDWWUDQVIRUPVRODUUDGLDWLRQHQHUJ\LQWRLQWHUQDOHQHUJ\RIWKHWUDQVSRUWPHGLXP$PRQJPDQ\RIWKH
VRODU WKHUPDO FROOHFWRUV IODW SODWH FROOHFWRUV DUH VSHFLDO NLQG WKRXJK WKH\ SURGXFH ORZHU WHPSHUDWXUHV KDYH WKH
DGYDQWDJHV RI EHLQJ VLPSOHU LQ GHVLJQ QR WUDFNLQJPHFKDQLVP KDYLQJ ORZHUPDLQWHQDQFH DQG ORZHU FRVW (YHQ
VRODU FROOHFWRUV DUH H[LVWLQJ LQ XVDJH IRU GHFDGHV WKHLU WKHUPDO SHUIRUPDQFH LV FRQVLGHUDEO\ ORZ GXH WR WKH ORZ
FRQYHFWLYH KHDW WUDQVIHU FRHIILFLHQWV RI ZRUNLQJ IOXLG  7KH FRQYHUVLRQ RI ORZ JUDGH HQHUJ\ ZLWK LPSURYLQJ
HIIHFWLYHQHVV RI WKHVH VRODU FROOHFWRUV KDV EHHQ FDUULHG RXW E\PDQ\ UHVHDUFKHUV 6HOPL HW DO >@ FDUULHGRXW WKH
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QDQRIOXLG FRQFHQWUDWLRQ'DPLU HW DO >@ SUHVHQWHG WKH QXPHULFDO DQDO\VLV RIZDWHUEDVHG IODW SODWH FROOHFWRUZLWK
WXEHVDQGFKDQQHOVDVZRUNLQJIOXLGIORZSDVVDJHV9DVXGHDYD.DUDQWK>@SHUIRUPHGD&)'VLPXODWLRQRIIODWSODWH
FROOHFWRUZLWKZDWHU DVZRUNLQJ IOXLG DW GLIIHUHQWPDVV IORZ UDWHV DQG WKH VLPXODWLRQ UHVXOWV VKRZV WKDW DEVRUEHU
SODWH WHPSHUDWXUH LV GHFUHDVHV ZLWK LQFUHDVH LQ WKH ZRUNLQJ IOXLG PDVV IORZ UDWH 0RVVDG DQG $O.KDIIDM\ >@
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LQYHVWLJDWHG WKH SHUIRUPDQFH RI 6)3& ZLWK VLQJOH URZ DQG GRXEOH URZ SDUDOOHO ULVHUV XVLQJ VWHDG\ ' &)'
DSSURDFK7KHVH UHVXOWV VKRZV WKDW VLQJOH URZ FRQILJXUDWLRQ LV EHWWHU WKDQ GRXEOH URZ EHFDXVH RI KLJK FRVW DQG
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7KHWKHUPRSK\VLFDOSURSHUWLHVRIQDQRIOXLGVFDQEHFDOFXODWHGIURPWKHIROORZLQJFRUUHODWLRQV>@'HQVLW\DQG
KHDWFDSDFLW\RIWKHQDQRIOXLGGHWHUPLQHGE\WKH3DNDQG&KRFRUUHODWLRQ>@
'HQVLW\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
 
+HDWFDSDFLW\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
7KHYLVFRVLW\LVHVWLPDWHGIURPEULQNPDQPRGHO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            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
7RREWDLQWKHWKHUPDOFRQGXFWLYLW\RIQDQRIOXLGE\ZDVSUHODWLRQ
            

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

ZKHUHLVYROXPHIUDFWLRQRIWKHQDQRSDUWLFOHV
3UHVVXUHGURSDQDO\VLVIRUDVRODUFROOHFWRUWRWDOKHDGORVVKOLVWKHVXPRIPDMRUKHDGORVVDQGPLQRUKHDGORVV,W
FDQEHH[SUHVVHGLQWHUPVRIPDVVIORZUDWHDV>@

            


ZKHUH/ULVWKHOHQJWKRIULVHUNOLVORVVFRHIILFLHQWLWLVDWWKHH[LWDQGDWWKHHQWUDQFHDQGµQ¶LVWKHQXPEHURI
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7KHSUHVVXUHGURSLQWKHIODWSODWHFROOHFWRUEHFRPHV

            
(QWURS\*HQHUDWLRQ7KHHQWURS\JHQHUDWLRQGXHWRLUUHYHUVLELOLWLHVUHVXOWHGE\WKHWHPSHUDWXUHJUDGLHQWLQWKH
6)3&FDQEHFDOFXODWHGE\WKHSURFHGXUHGHYHORSHGE\%HMDQ>@7KHWRWDOZRUNORVWLVWKHVXPPDWLRQRIOHDNDJH
DQGGHVWUR\HGH[HUJ\UDWHV7KHUHIRUHWKHHQWURS\JHQHUDWLRQUDWH6JHQ:.LVJLYHQE\>@

           
         
7KHWRWDOGHVWUR\HGH[HUJ\UDWHLQVRODUFROOHFWRULVSURGXFHGE\IRXUHIIHFWVDVIROORZV

L 7KHGHVWUR\HGH[HUJ\UDWHGXHWRWHPSHUDWXUHJUDGLHQWEHWZHHQVXQDQGDEVRUEHUSODWH

            


LL 7KHGHVWUR\HGH[HUJ\UDWHGXHWRWKHIORZRIZRUNLQJIOXLGLQWKHFROOHFWRUDQGWHPSHUDWXUHGLIIHUHQFH
EHWZHHQIOXLGDQGDEVRUEHUSODWH

            
 
LLL 'HVWUR\HGH[HUJ\UDWHGXHWRSUHVVXUHGURSLQWKHFROOHFWRU


            


LY ([HUJ\ORVWUDWHGXHWROHDNDJHRIKHDWIURPLPSURSHULQVXODWLRQ

            

7KHUHIRUHWKHWRWDOHQWURS\JHQHUDWLRQLQDIODWSODWHFROOHFWRUFDQEHFDOFXODWHGE\XVLQJ


           
           
            




1XPHULFDODQDO\VLV7RXQGHUVWDQGWKHKHDWWUDQVIHUPHFKDQLVPKDSSHQLQJLQVLGHWKH6)3&D&)'QXPHULFDO
VLPXODWLRQPRGHOLVGHYHORSHGXVLQJFRPPHUFLDO&)'SDFNDJH$16<6)/8(177RWDOFRPSXWDWLRQDOGRPDLQ
LV GLYLGHG LQWR  HOHPHQWV EDVHG RQ JULG LQGHSHQGHQFH WHVW 8QLIRUP PHVKLQJ LV DGRSWHG WKURXJKRXW WKH
GRPDLQ7RYDOLGDWHWKHPRGHOQXPHULFDOUHVXOWVDUHFRPSDUHGZLWKWKHH[SHULPHQWDODQGDQDO\WLFDOUHVXOWV6WHDG\
VWDWHLPSOLFLWSUHVVXUHEDVHGDEVROXWHYHORFLW\VROYHULVFKRVHQIRUZLWKWKHDVVXPSWLRQWKDWIOXLGLVLQFRPSUHVVLEOH
*HRPHWULFPRGHODQGPHVKLQJDUHVKRZQLQ)LJXUHVDDQGEFUHVSHFWLYHO\
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
)LJD*HRPHWULFPRGHOE	F0HVKPRGHORIWKHVRODUFROOHFWRU
%RXQGDU\FRQGLWLRQVDQG2SHUDWLQJSDUDPHWHUV%DVHGRQWKHPHDVXUHGYDOXHVVXLWDEOHERXQGDU\FRQGLWLRQV
DUHLPSRVHGRQWKHFRPSXWDWLRQDOGRPDLQ,QOHWDQGRXWOHWFRQGLWLRQVRIWKHZRUNLQJIOXLGLQHDFKULVHUDUHJLYHQDV
YHORFLW\LQOHWDQGSUHVVXUHRXWOHWUHVSHFWLYHO\9LVFRXVIORZPRGHOZLWKQRVOLSFRQGLWLRQLVDSSOLHGDWWKHVROLGIOXLG
FRQWDFWUHJLRQV)RUWKHFRQMXJDWHKHDWWUDQVIHUEHWZHHQVROLGDQGIOXLGUHJLRQVDOOWKHVROLGDQGIOXLGLQWHUIDFHVDUH
GHILQHGZLWKFRXSOHGFRQGLWLRQ&RQVWDQWKHDWIOX[HTXLYDOHQWWRQHWVRODUUDGLDWLRQLVDSSOLHGRQWKHWRSVXUIDFHRI
WKHFROOHFWRUDQGDOORWKHUVLGHVDUHDVVXPHGWREHIXOO\LQVXODWHG%RWKFRQYHFWLRQDQGUDGLDWLRQKHDWWUDQVIHUVDUH
FRQVLGHUHGIURPWKHJODVVFRYHUE\DGRSWLQJPL[HGUDGLDWLRQPRGHO&RQYHUJHQFHLVDFKLHYHGZKHQDOOWKHUHVLGXDOV
LQWKHFRPSXWDWLRQDOGRPDLQIDOOEHORZWKHFRQYHUJHQFHWROHUDQFHRI[

5HVXOWVDQGGLVFXVVLRQ
7HPSHUDWXUHRI WKHZRUNLQJ IOXLG DW WKHRXWOHW RI WKH ULVHU LVSUHVHQWHG LQ)LJ ,W LV WREHQRWHG WKDW QXPHULFDO
UHVXOWVDUHZHOOPDWFKHGZLWKH[SHULPHQWDOZLWKUHVXOWVZLWKWKHGHYLDWLRQRIZKHUHDVGHYLDWLRQLQQXPHULFDO
DQG DQDO\WLFDO UHVXOWV DUH PRUH WKDQ  7KLV LV GXH WR WKH IDFW WKDW DQDO\WLFDO UHVXOWV DUH EDVHG RQ WKH RQH
GLPHQVLRQDOPRGHOOLQJZKHUHDVQXPHULFDOPRGHOOLQJLVRIWKUHHGLPHQVLRQDO


 

)LJ&RPSDULVRQRIDQDO\WLFDOH[SHULPHQWDODQGQXPHULFDO)LJ9DULDWLRQRI+HDW7UDQVIHU&RHIILFLHQWIRUZDWHU$O2DQG
UHVXOWVLQWHUPVRIRXWOHWWHPSHUDWXUH&X2QDQRIOXLGVDWGLIIHUHQWYROXPHIUDFWLRQV

)LJ  GHPRQVWUDWHV WKH HQKDQFHPHQW RI KHDW WUDQVIHU FRHIILFLHQW IRU QDQRIOXLG DV FRPSDUHG WRZDWHU DW GLIIHUHQW
PDVV IORZ UDWHV7KH FRQYHFWLYHKHDW WUDQVIHU FRHIILFLHQW LV FDOFXODWHGE\XVLQJ WKH(T  )URP ILJ  LW FDQEH
FRQFOXGHG WKDW WKH&X2QDQRIOXLGH[KLELWVPRUH µKI¶DPRQJWKH IOXLGVFRQVLGHUHG7KLV LVGXH WR WKH IDFW WKDW WKH
WKHUPDO FRQGXFWLYLW\RI&X2 LVPRUH WKDQ$O2 6LQFH µKI¶ LVPRUH HIILFLHQF\ LV DOVR ,W LV IRXQG WKDW FROOHFWRU
HIILFLHQF\LVLQFUHDVHGE\DVFRPSDUHGWRZDWHUDQGDVFRPSDUHGWR$O2
)LJSUHVHQWVWKHHQWURS\JHQHUDWLRQRID&X2QDQRIOXLGEDVHGVRODUIODWSODWHFROOHFWRUE\YDU\LQJQDQRSDUWLFOH
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FRQFHQWUDWLRQ DQG VRODU UDGLDWLRQ VLPXOWDQHRXVO\ ,W LV WR EH QRWHG WKDW VRODU UDGLDWLRQ YDOXHV DUH PHDVXUHG RQ
VXPPHU VROLFLWLFH GD\ DW:DUDQJDO ORFDWLRQ 1 ( 7KH WRWDO HQWURS\ JHQHUDWLRQ UDWH LV HVWLPDWHG E\
XVLQJ WKH(T  ,W LV WR EH QRWHG WKDW HQWURS\ JHQHUDWLRQ LV SURSRUWLRQDOO\ LQFUHDVLQJZLWK WKH VRODU UDGLDWLRQ
LQWHQVLW\ZKHUHDVYHU\PDUJLQDOFKDQJHLVQRWLFHGZKLOHYDU\LQJWKHQDQRSDUWLFOHYROXPHIUDFWLRQ+LJKHUHQWURS\
JHQHUDWLRQ UDWH LV REVHUYHG DW PLG RI WKH GD\ ZLWK KLJK VRODU LQWHQVLW\ GXH WR PRUH UDGLDWLRQ ORVVHV DW KLJK
WHPSHUDWXUHRIWKHFROOHFWRU




)LJ(QWURS\JHQHUDWLRQDWGLIIHUHQWYROXPHIUDFWLRQVDQGGLIIHUHQWVRODUUDGLDWLRQ

6HSDUDWHVLPXODWLRQVDUHFDUULHGRXW IRU WKHQDQRIOXLGDQGZDWHUEDVHG6)3&$VPHQWLRQHGHDUOLHUFRQVWDQWKHDW
IOX[ FRQGLWLRQ LV LPSRVHG RQ WKH WRS RI 6)3& )LJXUH  SUHVHQWV WKH WHPSHUDWXUH SURILOHV RI ULVHU WXEHV IRU WKH
UDGLDWLRQDWDPRQVXPPHUVROVWLFHGD\6LJQLILFDQWWHPSHUDWXUHULVHLVREVHUYHGIRUQDQRIOXLGFRPSDUHGWRZDWHU
DQGLWLVFRUURERUDWHIURPWHPSHUDWXUHSORWVRIZDWHUDQGQDQRIOXLGVSDVVLQJWKURXJKWKHULVHUWXEHV


)LJ7HPSHUDWXUHSURILOHVRIZDWHUDQGQDQRIOXLGDWDP
)LJ D VKRZV WKH WHPSHUDWXUH GLVWULEXWLRQ DW LQOHW FURVV VHFWLRQ DQG)LJ  E F	 G VKRZV GLVWULEXWLRQ RI
WHPSHUDWXUHYHORFLW\DQGWXUEXOHQFHUHVSHFWLYHO\DWWKHH[LWFURVVVHFWLRQIRUDSDUWLFXODUULVHU7KHWHPSHUDWXUHRI
ZRUNLQJ IOXLG LV LQFUHDVHGGXH WRXQLIRUPFRQMXJDWH WKHKHDW WUDQVIHU IURP WKHDEVRUEHUSODWH DORQJ WKH OHQJWKRI
ULVHUWXEH
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

)LJD7HPSHUDWXUH&RQWRXUVDWLQOHWEF	G7HPSHUDWXUHYHORFLW\WXUEXOHQWDWWKHH[LW
&RQFOXVLRQV
6RODUHQHUJ\LVRQHRIWKHUHOLDEOHDOWHUQDWLYHVIRUFRQYHQWLRQDOVRXUFHV7KLVSDSHUSUHVHQWVWKHPHWKRGWRHYDOXDWH
WKHSHUIRUPDQFHRI6)3&LQWHUPVRIWKHUPDOHIILFLHQF\(YDOXDWLRQLVGRQHDQDO\WLFDOO\QXPHULFDOO\DQG
H[SHULPHQWDOO\DVZHOO,WLVIRXQGWKDWGXHWRKLJKHUWKHUPDOFRQGXFWLYLW\&X2EDVHG6)3&JLYHVKLJKHUFROOHFWRU
HIILFLHQF\DVFRPSDUHGWR$O2DQGZDWHUEDVHG6)3&,WLVDOVRIRXQGWKDWWKHHQWURS\JHQHUDWLRQLQFUHDVHLV
SURSRUWLRQDOWRWKHVRODUUDGLDWLRQLQWHQVLW\+HQFHSHUIRUPDQFHFDQHQKDQFHE\PLQLPLVLQJWKHLUUHYHUVLELOLWLHV
3URFHGXUHWRVLPXODWHWKH6)3&LQ$16<6)OXHQWLVSUHVHQWHG7HPSHUDWXUHRIWKHZRUNLQJIOXLGDORQJWKHOHQJWK
RIWKHULVHULVLQFUHDVLQJDQGWKLVLQFUHDVHLVPRUHKLJKIRUWKHQDQRIOXLGEDVHG6)3&
5HIHUHQFHV
>@ 6HOPL 0 $O.KDZDMD 0- DQG0DUDILD $ ³9DOLGDWLRQ RI &)' VLPXODWLRQ IRU IODW SODWH VRODU HQHUJ\ FROOHFWRU´ 5HQHZDEOH
(QHUJ\YROSS
>@ <RXVHIL 7 9H\VL ) 6KRMDHL]DGHK ( =LQDGLQL 6 ³$Q H[SHULPHQWDO LQYHVWLJDWLRQ RQ WKH HIIHFW RI $O2 	 +2 QDQRIOXLG RQ WKH
HIILFLHQF\RIIODWSODWHVRODUFROOHFWRUV´5HQHZ(QHUJ\±
>@//X=+/LX+6;LDR³7KHUPDOSHUIRUPDQFHRIDQRSHQWKHUPRV\SKRQXVLQJQDQRIOXLGVIRUKLJKWHPSHUDWXUHHYDFXDWHGWXEXODU
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±
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 V

>@ 6DOPD 3DUYLQ 5HKHQD 1DVULQ0$$OLP ³+HDW WUDQVIHU DQG HQWURS\ JHQHUDWLRQ WKURXJK QDQRIOXLG ILOOHG GLUHFW DEVRUSWLRQ VRODU
FROOHFWRU´,QW-RI+HDWDQG0DVV7UDQVIHU
>@3DZDQ.6LQJK.%$QRRS76XQGDUDUDMDQ6DULW.'DV³(QWURS\JHQHUDWLRQGXHWRIORZDQGKHDWWUDQVIHULQQDQRIOXLGV´,QW-
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